Controlling the interactions of surfaces with biological entities is crucial for the development of smart and responsive biomaterials for biomedical 1,2 , environmental, and food/water safety applications 3 . Two factors, chemistry 4 and nanotopography 5 govern the interactions that occur at the interfaces of anthropogenic materials and biology. Controlling these interactions will provide materials with a range of next-generation capabilities, including implantable medical devices with tunable behavior 6, 7 , tissue engineering scaffolds that can encourage the growth of specific cell types 8, 9 , and biosensor surfaces that can effectively resist protein and bacterial fouling 2,10 . A wide range of materials including, polymers [11] [12] [13] , carbohydrates 14, 15 , lipids 16 , peptides 17 , and proteins 18, 19 have been used to control the surface properties of materials. A rapidly emerging direction in surface engineering is the control of surface properties through nanostructuring [20] [21] [22] . Nanoparticles (0D), wires and individual fibers (1D), thin films (2D), and fiber assemblies (3D) can now be rationally synthesized [23] [24] [25] [26] and fine-tuned to elicit specific interactions with the biological environment that are required for their effective use 27 . Enhancing the surface of existing bulk materials (e.g., stainless steel in the food industry, titanium for biomedical applications) with nanoto micro-scale patterns, layers, and scaffolds of functional materials imparts this control to commercially important substrates. This approach towards "nanofabricated" surfaces couples desirable bulk materials properties, such as mechanical stability and elasticity, with specific and tunable interactions with the biological environment 28, 29 . Effective real-world implementation of biomaterials featuring nanostructured surfaces requires translation of bench-scale success to commercially scalable manufacturing. Traditional surface patterning and topography modifying methods including optical, e-beam, or nanoimprint lithography (NIL) are typically combined with various etching and deposition techniques [30] [31] [32] [33] . This post-processing increases the overall processing cost and time while often introducing toxic materials, making many current nanofabrication techniques impractical for the commercial production of nanostructured biomaterials.
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Effective real-world implementation of biomaterials featuring nanostructured surfaces requires translation of bench-scale success to commercially scalable manufacturing. Traditional surface patterning and topography modifying methods including optical, e-beam, or nanoimprint lithography (NIL) are typically combined with various etching and deposition techniques [30] [31] [32] [33] . This post-processing increases the overall processing cost and time while often introducing toxic materials, making many current nanofabrication techniques impractical for the commercial production of nanostructured biomaterials.
In this mini-review, we present a few of the many important objectives in the area of biomedical engineering that could open new pathways for next-generation biomaterials.
Nanostructured anti-fouling and antimicrobial materials
The undesired accumulation (i.e., fouling) of proteins and bacterial
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colonies on surfaces is a cause for concern in practically all biomedical applications where surfaces are exposed to biological media. Protein fouling can degrade bio-sensor performance 34 , induce immune response and inflammation around implants 35 , and is often the first step in microbial colonization and the growth of biofilms capable of causing disease or spoilage 3 . Bacterial contamination poses serious health hazards when formed on surgical equipment and biomedical devices 36 , thus making the fabrication of biofouling resistant surfaces a priority in biomedical engineering 10 . Cross-contamination of pathogenic organisms in hospital and food processing environments also represents a major risk to nosocomial infections and outbreaks of food borne illness, respectively. Due to the array of grave responses that arise from protein and microbial accumulation, strategies that target the various stages of both protein and bacterial fouling are urgently needed.
Protein fouling is a three step process: 1) reversible protein adsorption, 2) denaturation, and 3) multilayer protein deposition. In previous studies the Rotello group has demonstrated the utility of modified gold nanoparticles (GNPs) as an active nanoscale agent for biomaterials 20 , including the stabilization of adsorbed proteins 37 . This aspect has been applied to the creation of surfaces highly resistant to protein fouling. In this strategy GNPs were covalently attached in a robust and uniform configuration to surfaces via dithiocarbamate (DTC) place exchange reactions on their gold core 38, 39 . Surfaces featuring positive, neutral, or negative GNPs (Fig. 1a) were immobilized via dithiocarbamate formation onto polyethylenimine (PEI) films (Fig. 1b) . The GNP coated PEI surfaces prevented the denaturation (Fig. 1c) and fouling of proteins, demonstrating the ability of GNP "paint" to provide non-fouling surfaces (Fig. 1d) .
Like protein fouling, bacterial adhesion proceeds in multiple steps 40, 41 , providing distinct opportunities to create antimicrobial surfaces. One approach is to develop bio-inert surfaces that chemically resist protein fouling, and hence, are also efficient in preventing the bacterial attachment that follows (Figs. 2a,b) . For example, Bandyopadhyay and co-workers demonstrated that racemic D+L gulitol terminated surfaces were more effective than homochiral surfaces in preventing protein adsorption and biofilm formation 42 . The difference between chiral and racemic surfaces was related to different water solvation at the interface, which is considered to have an important role in determining the fouling resistance of monolayer coated surfaces 10 . This work suggests integrating different surface chemistries as a general anti-fouling approach to "attack" different stages of the bacterial adhesion process.
Another approach to antimicrobial surfaces is to develop materials that can actively kill bacteria 13 . This approach was used by the Goddard group to create antimicrobial surfaces with significance in food science and biomedical applications 43 . Recently, Bastarrachea and Goddard prepared stainless steel surfaces presenting antimicrobial N-halamine functions 44 ( Fig. 2c) . High loading of N-halamines was achieved by using a layer-by-layer assembly of PEI and Poly-acrylic acid (PAA) on stainless steel surfaces, followed by the halogenation of amides, amines, and imides in the assembled layers. N-halamines inactivate bacteria through the direct oxidation of biomolecules within the microorganism. 20 with permission from Wiley.
Fig. 1 (a) Gold nanoparticles (NPs) used in this study featured a positive, neutral, or negative interacting tail. (b) Schematic depicts the anti-fouling behavior of pristine PEI surfaces and GNP-coated-PEI surfaces. (c) CD spectra of BSA protein, thermally denatured BSA protein, and GNP-BSA protein complexes. (d) Ellipsometry measurements determined that differet thicknesses of proteins were adsorbed onto PEI, NP-coated-PEI, and PEG surfaces after incubation with solutions containing 10%, 50%, and 100% of serum (FBS) for 6 h. Reproduced from
(a) (c) (b) (a) (b)
Fig. 2 Protein fouling is often the first stage in bacterial biofilm formation. Schematic depicts that (a) proteins accumulate on an untreated surface. (b) Surfaces which are chemically modified with a passivation layer can prevent denaturation of proteins and are more resistant to biofilm formation. (c) A stainless steel slide is coated with PEI and polyacrylic acid (PAA) using a layer-by-layer assembly technique. Exposure of the surface to "bleach" causes the N-chlorination of various nitrogen functions in the multilayer assembly. High loading of strongly oxidizing chlorine in the bulk of the multilayer, and on its surface, results in efficient deactivation of bacteria.
The surfaces can be recharged with chlorine by re-exposure to a bleach solution. 45 with permission from the American Chemical Society.
Fig. 3 (a) SEM micrograph of inactivated Escherichia coli on electrospun polysulfone (PSf) mats containing a low weight percent (0.1 wt%) of immobilized single-walled carbon nanotubes (SWNTs). Close-up micrograph revealed that SWNT ends were distributed along the longitudinal fiber axis. Fluorescence-based toxicity assay results indicate that (b) loss of viability directly correlated to increased SWNT loading. The 100 wt% SWNT-coated commercial filters (solid white bar) exhibited only slightly higher toxicity (88 ± 3%) than PSf mats loaded with 1.0 wt% SWNTs (76 ± 5 %). Reproduced from
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The cell-materials interface: wound healing and tissue engineering Cell behavior and growth are highly sensitive to the chemical and mechanical cues present in the nano-and micro-environment of tissues and organs 46 . Nanomanufactured surfaces that are capable of controlling cell behavior and proliferation can be used to induce desired cell growth (e.g., bone or muscle) in a pre-defined geometry. Thus, nanoengineering the cell-materials interface hold promise for tissue engineering and regenerative medicine applications 47, 48 . Nanotopology is a key determinant of cell proliferation and spreading, and is hence an integral aspect to tissue engineering 49 . Cells adhere to surfaces through receptors (integrins) on the cell surface that interact with extracellular matrix (ECM) ligands (e.g., fibronectin). At focal adhesions (FA) -points where the cell are in contact with these ligands -there is a clustering of integrins and other cytoplasmic proteins to increase the size and the strength of the adhesion site 50 . While fully developed FA have sizes of between 1 -10 μm, the initially formed complex can be as small as 100 nm 51 . Integrin ligand spacing 52 on surfaces of scaffolds has
The N-halamine loaded stainless steel surfaces provided 99.999 % inactivation of the bacteria Listeria monocytogenes, an important foodborne pathogen. A significant advantage of this approach is that these surfaces can be recharged with commercial bleach (sodium hypochlorite, NaClO) to regain their antimicrobial chlorinated structure. Topology plays an important role in antimicrobial surfaces. Schiffman and Elimelech electrospun polysulfone (PSf) scaffolds that featured a low loading of immobilized narrow diameter single-walled carbon nanotubes (SWNTs) 45 , Fig. 3a . With these surfaces, antimicrobial activity occurred within a short contact time, 15 minutes or less. A relatively low loading of SWNTs provided highly effective antimicrobial activity: 1 % (by weight) SWNT loading provided nearly comparable toxicity to control 100 weight percent SWNT-coated filters, (Fig. 3b) . The low loading of the active nanomaterial agent and the ability to directly electrospin a mat onto or apply it as a conformal coating to any surface where bacterial colonization might occur, afford two insights into the emergence (Fig. 6b ) of electrospinning as a highly versatile fabrication technique, as described in the following section. Fig. 4 (a a dramatic effect on the formation of FA: patterning surfaces with these ligands dictates cell morphology, viability, and alignment 8, 53, 54 . Utilizing an extension of colloidal lithography, Malmström and co-workers patterned laterally organized 100 -1000 nm protein patches over areas as large as tens of centimeters 55 . By creating laterally organized FN patterns on such large areas, this group was able to study the adhesion, morphology and spreading of whole cell populations, extending from the individual cell or small population studies that were conducted prior to this work 18, [56] [57] [58] . Their studies showed that cellular attachment occurs for ECM patch sizes as small as 200 nm, and that the level of interaction between the cell and the surface, correlates to the size of the FN patch.
Modified GNPs, discussed earlier in the context of anti-fouling surfaces (Fig. 1a) are also capable of facilitating cell alignment. Subramani and coworkers patterned PEI lines (300 nm wide, 100 nm high) on a silicon surface using NIL, and further used DTC chemistry to decorate these lines with modified GNPs 21 ( Fig. 4a ). The resulting patterns were then used to induce highly aligned and evenly spread NIH3T3 cell growth, with cells displaying increased viability (Fig. 4b ) on surfaces modified with GNPs and an elongated morphology in the direction of the patterns (Fig. 4c) . Cell cultures on PEI surfaces that were modified with NP-3, best demonstrated that superior control over cell growth is achieved on GNP modified PEI lines (Fig. 4d) , relative to non-modified, pristine PEI patterns (Fig. 4e) or nonpatterned NP-3 modified surfaces (Fig. 4f) . This phenomena was related to the non-fouling properties of the GNP coated surfaces. Surface ligands could communicate directly with cells without the interference that can occur after protein adsorption onto surfaces.
The need for high throughput fabrication of biomaterials for applications such as wound healing provides a challenge for nanomanufacturing of soft materials. In one approach, simultaneous control over surface chemistry and topography was obtained using reactive-imprint lithography (RIL) 59 .
RIL couples the high fidelity, resolution (<50 nm), and processing speed of nanoimprint lithography (NIL) 33, 60 , with thermal or UV activation of the imprinted polymer. In these studies the Rotello group used reactiveimprint lithography to fabricate lines (~300 nm wide and ~120 nm high) that generated activated maleimide groups through a retro-Diels-Alder reaction during thermal NIL (Fig. 5a ). These maleimide groups could then be modified with cell binding RGD peptides using a mild "click" thiol attachment 61 . The directionality and morphology of cells seeded were dictated by the patterns (Fig. 5e) , an important step in the creation of biomaterials for use in regenerative medicine 62 that interact with and influence stem cells differentiation 63, 64 . Two-dimensional biomaterials can provide an excellent system for wound healing. However, the effective generation of more complex tissues and organs requires three-dimensional scaffolds that offer high porosity to allow for diffusion of nutrients/oxygen and metabolic waste/ degradation products 65 . Additionally, pairing of scaffold and tissue/organ mechanical properties is crucial, e.g., "soft" skin tissue versus "hard" structural cartilage tissue 66 . In vitro investigations have confirmed that cells cultured in 3D environments behave more tissue-like than those cultured on 2D surfaces 67 . Numerous scaffold fabrication techniques have emerged for the creation of 3D nanoscaffolds, with the most prevalent methods being molecular self-assembly and electrospinning 65,68,69 . Molecular selfassembly features the spontaneous formation of nanofibers, as small as 50 nm, via non-covalent interactions, including hydrogen bonding, van der Waals forces, hydrophobic interactions, and electrostatic interactions 70 . This method, while highly promising, generally uses expensive materials and can be difficult to control in terms of fiber length and density.
Electrospinning of nanofibers provides an inexpensive and scalable process that offers high levels of porosity, gas permeability, and Nanomanufacturing of biomaterials REVIEW
absorbability, in a highly size-controlled fashion 71 . In electrospinning, a viscous and charged precursor solution is forced out of a capillary that is connected via electrodes to a grounded collector (Fig. 6a) . As the voltage is increased, the repulsive electrical forces pull the pendent drop into a Taylor Cone (conical protrusion) and at a critical voltage, the electrical forces overcome the surface tension forces resulting in the emergence of a liquid jet 72 . Solvent instantly begins to evaporate as the jet is stretched and whipped, generating a 2D non-woven scaffold composed of solid nanofibers 73 that can be used to generate clinically relevant 3D biomaterials [74] [75] [76] [77] (Fig. 6c-g ). Fibrous mats from over 100 different synthetic and natural polymers including poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL), poly(ethylene oxide) (PEO), chitosan, hyaluronic acid, and silk protein have been produced using electrospinning 71, [78] [79] [80] [81] . Post-fabrication chemical surface modification using materials such as proteins, silver nanoparticles, and drugs, can provide an even greater surface diversity 75, 82 . Modifying electrospun mats with peptides such as RGD sequences can facilitate recognition by integrin cell surface receptors and mediate cell -cell and cell -ECM adhesion 83 . Electrospun mats can also provide 3D materials for wound dressings, drug delivery systems, and tissue engineering scaffolds. For instance, Hurtado et al. electrospun random (Fig. 6c) and aligned (Fig. 6d) poly-L-lactic acid fibers and rolled them 
into conduits ( Fig. 6e-g ) that provided a more robust regeneration of vascularized central nervous system (CNS) tissue than film conduits ( Fig.  6h-k) . For these studies, conduits were grafted into a 3 mm thoracic rat spinal cord gap created by complete transection 77 . In vivo studies have demonstrated the clinical potential of electropun mats to achieve a localized delivery of chemotherapuetic and nucleic acid agents 84 . Electrospun ceramic mats have demonstrated potential for bone-graft scaffolds due to their inherent biocompatibility and ability to induce osteoconduction and osseointegration in orthopedic fractures and defects 85 .
High throughput materials processing
The ability to impart desired bioactivity over large areas with high speed and reproducibility will translate to numerous commercial applications. 95 . Many thin-film deposition techniques are compatible with the R2R and R2P processes (i.e., flow coating, knife coating, slot-die coating, meyer bar coating, and gravure coating) 94, 96, 97 , and films as thin as 51 nm with a roughness of 3.7 nm have already been demonstrated using the gravure coating method 98 . Surface topography can also be modified using R2R and R2P processing. By patterning the gravure cylinder with bioactive "inks", fine structures can be printed -requiring only minimal amounts of active agents 95, 99 . Ahn and Guo have combined the high-speed R2R/R2P process with a modified NIL patterning technique 93,100 (Fig. 7a) . Here, a liquid phase UV-curable resist material was applied on the substrates (polyethylene or glass, Fig.  7b ) and pressed against an ethylene tetrafluoroethylene (ETFE) patterned mold. Exposure to UV-light cured the grating structures (300 nm lines, Fig. 7c ). The imprint mechanism and the resist materials selected for this R2R-NIL process enabled short imprinting and curing times, making this version of NIL compatible with high speed processing.
Perspective
Commercial nanomanufacturing of biomaterials is a challenging prospect offering a high payoff. As shown above, there have been a number of techniques developed in the lab that have potential for high throughput applications. One of the most promising strategies for industrial application of these materials is the use of large area R2R and R2P processes that have already found use in the manufacturing of printable electronics. For this to happen, however, new methodologies will have to be developed that can maintain the chemical integrity of delicate biomaterials and the mechanical structure of high surface area-to-volume materials such as electrospun nanofiber scaffolds. While the creation of value-added materials for biomedicine does not require the same degree of economy required for many other applications, economics will still play an important factor. Once effective and economical approaches have been developed, however, there will be broad implications in the biomedical community that will improve the quality of life around the world. 
